During the 2008 Wenchuan earthquake, more than 60,000 landslides were triggered, resulting in about 20,000 casualties. Among these landslides, a catastrophic one occurred in Donghekou area of Qingchuan County.
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event particularly useful for better understanding co-seismic landslides.
To date, several studies have identified the types and distribution of landslides triggered by the Wenchuan earthquake (Huang, 2009; Huang and Li, 2009; Huang and Fan, 2013; Qi et al., 2010; Dai, et al. 2011a; Gorum et al. 2011; Tang et al. 2011) . Main landslide types include shallow landslides, rock falls, deep-seated landslides, and rock avalanches (Dai et al., 2011b) . The triggering mechanisms of some large landslides has been linked to strong seismic ground motion (Huang, 2009; Yin et al. 2009; Zhang et al., 2013) or fault rupture (e.g., Xu and Tang, 2009; Dai et al. 2011b) . The high mobility of some large landslides has been related to the high initial velocity of the displaced landslide materials immediately after failure (Chen, 2009; Yin et al. 2011; Yuan et al., 2013) . Also, the high mobility of some landslides (e.g., the Niumiangou and Xiejiadian landslides) has been associated to the decreased shear resistance of the runout path materials due to, (1) air cushioning beneath the moving debris (Yin et al. 2011) and (2) the generation of high excess pore-water pressure (Chigira et al. 2010; Wang et al., 2013) . Wang et al (2013) described a flow-type of landslide occurring in Xiejiadian area of Pengzhou city that caused about 100 casualties, and concluded that liquefaction of runout path material greatly enhanced its mobility. Although the number of
unexpected earthquake. The displaced mass had a total volume of 1×10 7 m 3 and developed into a debris flows after initiation. It traveled downslope for about 2 km with an elevation drop of about 500 m, passing through residential areas before being deposited on a rice paddy. Four villages were buried completely, and about 780 people were killed. Both rivers were obstructed by the debris, creating a dam about 700 m long, 500 m wide and 15-25 m high. The resulting impoundment overflowed after a few days, followed by partial collapse of the dam.
No casualties were registered in the downstream villages.
The long travel distance of the landslide through the residential area and rice paddy at the bottom of the slope, which is near horizontal, suggests the movement of the landslide was extremely fast. This was confirmed by local eyewitness accounts which reported first hearing an 'explosion' from the ground three times, followed by very strong vertical ground vibration with a continuous loud noise and a cloud of dust. When the dust settled, all they could see was a debris landscape. Their belief was that the debris 'emerged from the ground'.
We surveyed several landslides triggered by the Wenchuan earthquake and found that in some landslides the colluvium on the runout path material had liquefied and "flowed" downstream only due to the seismic motion.
This suggested the colluvium at the valley on area B1 (shown in Fig. 3b ) had liquefied during the main shock of the earthquake. The materials on the valley might have started its movement almost at the same time as that on the upper slope (area B2 and B3 in Fig. 3b ). This inference was supported by a local who was working on the field, at location 'W' in Fig. 3b , when the earthquake occurred. He reported, sliding down the valley in area B1
and moving materials from area B2, which was followed by the downslope movement of the "mountain" in area B3. Other local eyewitness accounts suggest failures on the source area continued for two days.
Fumaroles appeared on the middle part of the landslide (area B1) 6 months after the earthquake (Fig. 4a ). In the
fumarole opening, the ground temperature was elevated (Fig. 4b) and the air had a sulfurous smell. Fumes emanating from the area could be seen at distance in the first two years but at present are only visible in cold weather.
Countermeasures were performed to stabilize both the bank slope along Qingzhu River and the channelized stream on the landslide dam blocking Hongshi River. However, nearly all the structures were badly destroyed at each heavy rainfall event. Although these structures had been repaired or completely rebuilt each time, they were ineffective mainly due to the fact the material comprising the landslide dam was easily eroded by overtopping.
Donghekou landslide area was designated an earthquake ruins park soon after the earthquake. The park was opened in November 2008 with a memorial and a museum built on the landslide deposit area. However, the park was severely disrupted by debris flows almost every year. Despite being rebuilt several times, it was moved offsite to a nearby local town (about 3 km downstream of Qingzhu River).
Method
To clarify the nature and the source of the venting fumarole, we sampled liquid and gas from the opening, and analyzed the chemistry of the fume in the laboratory. We selected two fumaroles at different locations and To examine whether the deposits on the toe part of the slope were liquefiable under earthquake motion, we took samples of sandy soils from the deposit area and from the side slope on the runout path, and performed saturated cyclic shear tests under undrained condition by means of a ring shear apparatus developed at the Disaster Prevention Research Institute (DPRI), Kyoto University (Sassa et al., 2003) .
Results and discussion

Ground temperature of fumarole and fume composition
The temperature measured at noon was usually 0.2°C higher than in the morning or in the evening of the same day. Irrespective of these small differences, we used the average of three measurements to compute the daily temperature. Fig. 5 presents the 1-m deep ground temperature measured at the two locations. Data for the period
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of July 15-24 is missing, because heavy rainfall during July 15-19 obstructed the access to the measurement points due to flooding in the landslide area. During the first measurement period (from May 21 to July 14), the ground temperatures were about 58°C and 56°C for P1 and P2 locations, respectively. However, the temperatures on July 25 (after the heavy rainfall) elevated to 63°C and 65°C for P1 and P2 locations, respectively, slowly decreasing with time thereafter. In November 1, the pipes for temperature measurement were lost and two new Analysis on the liquid and gas collected from the vents revealed that the major elements presented in the liquid samples were K (128.9 ppm), Na (7.1 ppm), Ca (3112 ppb), Mg (475.2 ppb), B (377.6 ppb), Ba (163.7 ppb), and Zn (151.1 ppb), while the gas was mainly consisted of CO 2 (7.6-8.3%) and Methane (3ppm).
The fault, indicated in the geological maps for the Donghekou, crosses the source area of the landslide (Xu and Tang, 2009; Yu et al., 2010) . Xu and Tang (2009) claims the fault ruptured during the earthquake possibly playing a key role in the initiation of the landslide. Therefore, it is reasonable to infer that the fumes might have resulted from the fault rupture, because gas emissions due to the occurrence of earthquake have been widely reported in the literature, and similar phenomena has been found elsewhere during the Wenchuan earthquake.
For instance, Zhou et al (2010) analyzed the geochemistry of soil gas in the seismic fault zone produced by the Wenchuan earthquake, and found that the magnitudes of the He and H 2 anomalies declined significantly with decreasing strength of the aftershocks with time, with the anomalies of He, H 2 , CO 2 , and Hg concentrations
related to the variation in the regional stress field and the aftershock activity. Gas emissions were also found on the Qingzhu River (about 3.2 km on the upper stream of Donghekou landslide area) immediately after the Wenchuan earthquake. Zheng et al (2013) found that the predominant gases are CH 4 (a usual gas released from faults), CO 2 , N 2 and O 2 ; the N 2 , O 2 and noble gases are of atmospheric origin, while CH 4 and CO 2 have typical biogenic signatures; and they concluded that the gases are discharged from a shallow reservoir through faults or fractures caused by the earthquake, but no direct pathways (such as faults or factures) connecting the surface and the natural gas reservoir were formed.
Oxidization of coal and other combustible materials can result in spontaneous combustion, a phenomenon that had been widely reported occurring in coal refuse. Because coal and the carbonaceous minerals which form the major component of most refuse begin to oxidize as soon as they are exposed to the atmosphere (Maneval, 1969) , spontaneous combustion occurs when sufficient air enters the refuse to oxidize the coal and other combustible materials. Sun et al (2009) studied the rocks in Donghekou landslide area and reported that the carbonaceous siliceous slate in Donghekou landslide area consists mainly of 17% of carbon, 52% of quartz, and 31% of white mica. Therefore, it is reasonable to infer that the carbonaceous minerals in the slate will suffer quick oxidization once they are outcropped. On the other hand, the carbonaceous siliceous slate was rich in sulfide minerals, which can be oxidized quickly when exposed to the atmosphere or underground to water with oxygen. In the study of weathering process of black rock formations, Zhu and Wu (2012) reported that the biological and chemical oxidation would result in the production of sulfur; the dissolution of the calcium carbonate from the slate in acidic conditions would result in the emission of CO 2 , and decomposition reaction of the major minerals would result in the production of Na, K, Ca, Mg, Zn, Ba and others.
From the facts above and as the fumes occurred only in areas where blocks of carbonaceous siliceous slate were deposited, instead of associating the fume with fault rapture, we inferred that weathering of the slate was the main reason for the occurrence of the fumarole. Fig. 4c shows a photo of weathered slate taken in July 19, 2012
at the fumarole location. Further evidence of sulfur deposits is shown in Fig. 4d . The sudden increase in the ground temperature in July 2009 could have been due to the oxygen-saturated rainfall which accelerated the weathering process. where the shear velocity is greater (ranging from 300-360 m/s). This region may correspond to isolated large blocks in the landslide debris matrix. In this area, a large number of big boulders, sized 2-3m, were deposited.
Internal structure of landslide deposit
The superficial soil layers with lower Vs values in the rear part of this region may have resulted from particle segregation. It is well known that due to particle segregation during the movement of rock avalanches and debris/pyroclastic flows, large-sized particles normally accumulate at the front and top surface whilst smaller particles accumulate at the bottom and rear part of the flowing material. Zhang et al (2011) measured the bulk densities of superficial deposits at different locations of Donghekou landslide, and found that the bulk density varied along the runout path. Fig.8 shows the results with the origin of the horizontal distance being approximately the same as our survey line L3. As seen, the variation of bulk density is consistent with the shear-wave velocity profile, where the origin area has the lowest bulk density. This may explain the easy
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breaching of the landslide dams by overtopping.
Geotechnical properties and landslide mobility
Geotechnical test conditions were designed to represent a soil element on the sliding surface overlain by a soil layer about 17.5 m thick (Fig. 9a) , according to the longitudinal section shown in Fig. 3e . The normal and shear stresses on the sliding surface were therefore calculated using a slope angle of 17 degrees and a saturated unit weight of 18 kN/m 3 . We calculated the normal stress and shear stress without considering the possible ground water table above the sliding surface, although it is reasonable to assume that most soil layers above the sliding surface were saturated. Thus, the estimated total normal stress was 300 kPa and static shear stress was 92 kPa.
After being saturated and normally consolidated, the samples were sheared by applying the cyclic loading (see 
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energy. On the other hand, other factors may have contributed to the long runout movement, in particular, liquefaction phenomenon occurring on the landslide material on the source area during the main shock of the earthquake (Wang et al., 2012) and liquefaction occurring on the valley deposits due to the impact force by the landslide debris from the upper slope (Sun et al., 2009b; Wang, et al., 2012 ). An air cushion effect has also been considered (Yin, 2009; Sun et al., 2009 ).
Acknowledging the high mobility nature of Donghekou landslide, Li et al. (2012) simulated its kinematic behavior, and concluded that a low friction coefficient (about 0.1) is required to justify its mobility. Zhou et al (2013) concluded that the maximum amplification coefficient of dynamic acceleration for the Donghekou landslide is approximately 3.909, and the sliding mass was triggered with a small initial velocity when it detached from the upper slope.
From the above, a variety of initiation and movement mechanism have been proposed for Donghekou landslide.
Nevertheless, based on our field survey on some landslides triggered by Wenchuan earthquake and experiment results shown in Fig. 10 , we conclude that during the earthquake the liquefaction of sandy layers resulted in the movement of valley deposits in area B1, prior to the arriving of landslide debris from the upper slope. The liquefied materials and the abundance of water from the river elevated the mobility of the displaced materials from the upper slope further enhancing the rapid long-travel movement. In this regard, our findings are in agreement with those of Sun et al (2009) and Wang et al (2012) . However, we concluded that the materials on the valley were liquefied by the earthquake prior to them being overridden by and incorporated in the material derived from area B2 and B3 in Fig. 3 . This has implications in the assessment of landslide risk during earthquakes. Liquefaction of saturated runout-path materials resulting from seismic ground motion should be
included in the analysis of coseismic landslide dynamics because they enhance the mobility of the displaced landslide materials. Similar phenomenon has also been reported in some other landslides triggered by Wenchuan earthquake (Wang et al., 2013a) .
Dunning and Armitage (2011) pointed out that rock-avalanche deposits generally exhibit three sedimentary facies: a carapace facies (the coarsest unit composing the surface and near surface), a body facies (the main body of the rock-avalanche deposit), and a basal facies (the base of the rock-avalanche deposit). Wang et al (2013b) identified a clear boundary between the basal facies and the body facies through the case study on a rockslide occurring on Tianchi area, Sichuan, during the same earthquake, and suggested that the superficial layer (carapace facies) and the bottom layer (basal facies) have relatively smaller shear-wave velocities values.
Nevertheless, similar basal facies was not found in Fig. 10 . These differences might result from different movement mechanisms. For instance, Tianchi rockslide mainly involved the movement of dry rocks, while Donghekou landslide involved in the movement of liquefied runout path material with dry rocks/debris displaced from the source area.
Conclusions
The 2008 Wenchuan earthquake (M8.0) was one of the most catastrophic geohazards to occur in the world during the 21 st century. Besides its great damage to human life, private property, and built infrastructure, it also triggered numerous landslides, leading to thousands of casualties. Among these catastrophic landslides, Donghekou landslide was representative of other large landslides, with a total volume of about 1×10 7 m 3 and a travel distance of about 2.0 km with an elevation drop of about 500 m. Four villages were buried by the debris,
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resultant phenomena such as the formation of landslide dams, occurrence of fumaroles, and the high mobility nature of the displaced landslide materials, we performed field and laboratory investigations. The results are summarized as follows.
(1) Donghekou landslide evolved in a retrogressive style. The runout path material and the main landslide material from the upper slope started to move almost at the same time when the earthquake occurred, followed by the upper slope.
(2) Occurrence of venting fumes on the deposit area resulted from the weathering of the underlying landslide materials and bedrock (slate), and not the result of fault movement. The slate originated from the source area and deposited on the toe. Weathering of the slate resulted in the fume. 
(a)
